Abstract-A direct ultrasound ranging system (DURS) has been developed for the quantitative evaluation of gait velocity. DURS consists of a transponder worn by the subject, a base unit infrared (IR) emitter/ultrasound (US) receiver, and a laptop computer. During gait analysis the transponder is worn by the subject at the approximate level of the body center of mass. As the subject walks away from the base unit his or her forward progression is displayed in real-time on the computer. At the end of the walking trial the instantaneous velocity profile, or gait velocigram (GVG), for that trial is displayed on the computer screen. From the GVG, parameters such as, gait speed, cadence, step length, step time, peak-to-peak variation, and time to achieve steady state walking are calculated and displayed. In addition gait deviations are readily apparent on the GVG.
I. INTRODUCTION
A DIRECT ultrasound ranging system (DURS) for the measurement of the instantaneous velocity of the approximate body center-of-mass during walking is described. The system is compact, portable, easy to set-up, and generates results in more-or-less real-time (immediately following each walking trial). Given that full gait analysis capabilities for comprehensive studies of walking tend to be costly to develop and to maintain, it was hoped that a simpler monitoring system could be developed which would capture some of the important information about gait performance but which would be relatively inexpensive to obtain, simple to use, and easy to maintain within small clinical offices.
The DURS measures the instantaneous horizontal velocity profile in the plane of progression. We call this velocity profile the "gait velocigram" or GVG. The GVG captures several aspects of gait in one simple graphic representation. Using the GVG, many other parameters of an individual's gait can be determined such as average walking speed; instantaneous acceleration; average step time; average step length; cadence; amplitude of the relative velocity fluctuation about the average walking speed; average step length for each leg; average step time for each leg; and the time to reach steady state walking. In addition, inter-leg asymmetries are readily apparent on the GVG. The GVG described here is similar to the "Tachogram" described by Drillis [1] but because it is not measured with a tachometer we describe it as a "velocigram."
In clinical practice a person's freely-selected walking speed is one of the better indicators of how well a person walks. It decreases in times of injury and pain and increases with recovery. Richards et al., [2] show that gait speed, cadence and stride length are gait parameters which continue to improve with physical therapy in stroke patients. In addition, Richards et al. [3] used gait speed to assess the effectiveness of different rehabilitation techniques for facilitating ambulatory recovery in stroke patients. Gait parameters such as gait speed and stride length have also been utilized to assess the effectiveness of exercise programs for improving ambulation in the elderly [4] , [5] . Andriacchi et al. [6] showed that analyzing the interrelationship of gait parameters such as gait speed, cadence, and stride length is important for characterizing normal and abnormal gait. Maki [7] reported that variability in gait is a good predictor of falling risk in the elderly; hence, the variance of step length, step time, average walking speed estimates, as shown on the GVG, may yield a measure of this risk.
Originally, the DURS was conceived as a means of providing prosthetists with a low cost means of measuring gait parameters when fitting and adjusting the alignment of lower limb prostheses. But we foresee applications for the DURS in areas outside of prosthetics. It is anticipated that a system of this kind could be priced in the $3000-$5000 range (w/o computer). A small clinical practice could afford one and could use it to screen for those who should have a full gait analysis performed at a formal gait analysis laboratory. It has potential also as a follow-up tool when used in conjunction with a gait laboratory. Graphical "before and after" GVG's of an individual's gait would provide a means of monitoring a patient's recuperation. A GVG could be taken each week for the duration of the recuperation, resulting in a progression of charts tracking an individual's progress; thus, providing quantitative outcome data. It should be noted that it is recommended that the GVG be used in conjunction with observational techniques; namely, direct visual observation, and video recordings that allow slow motion and stop-action viewing.
The GVG can be determined from most gait laboratory data but it has not been used to any great extent in typical gait analysis laboratories. Some of the data provided by the GVG can be obtained by technologies simpler than the DURS. For example, mean velocity can be obtained using a stop watch to time movement over a known walking distance. Cadence can Fig. 1 . Photograph of the system in operation. The system is portable and can be easily set up in a matter of minutes. Distance data are acquired and displayed in real-time; velocity data are available immediately following a walking trial. This ready availability of data allows ideas to tested and evaluated immediately. The system consists of a laptop computer, a base unit mounted on a tripod, and a transponder worn by the subject.
be found by counting the number of steps taken in the timed interval.
Step length can either be measured on the floor by using a material on the foot or shoe that marks the floor with each step or be estimated using the relationship [8] Average Walking Speed = Average Step Length * Cadence (1) Nevertheless, the quick, automated data acquisition, presentation, storage and retrieval, along with the additional asymmetry and stride-to-stride variability information conveyed, gives DURS a distinct advantage over simpler methods. In addition, for clinical applications it is important to remember one of the primary assets of the DURS is that data are generated in real time. This ability enables iterative procedures to be implemented because feedback about the procedure's efficacy is available immediately.
II. METHOD OF OPERATION
Direct ultrasound ranging with infrared triggering is the method used to measure distance. The DURS system is an outgrowth and elaboration of a direct ultrasound ranging system developed by Karcnick et al. [9] . The DURS consists of three main components: a transponder worn by the subject, a base unit infrared emitter/ultrasound receiver, and a laptop computer (Fig. 1) . The device operates by emitting an infrared pulse from the base unit at a frequency of 22 Hz. The transponder is triggered by the infrared pulse to emit a 33 kHz ultrasound pulse back to the base unit. The time between emission of the infrared pulse and triggering of the transponder can be considered to be instantaneous. The ultrasound pulse travels at the speed-of-sound ( ) in air. The speed-of-sound in air is dependent on both the relative humidity and temperature. For saturated air at 20 C and standard pressure, is about 0.4% greater than for dry air at the same temperature and pressure [10] . This is a small error when compared to the temperature effects and is not taken into consideration in the current device. The speed-of-sound in a perfect gas is independent of the pressure, which is practically true of real gases [10] . The temperature dependence is given by equation (2) [10] ( 2) where is the speed-of-sound at temperature C;
is the speed-of-sound at 0 C 331 m/s. For air in the neighborhood of 0 C and room temperature C, the increase in is about 0.61 m/s C [10] , or (3) At room temperature (22 C), the speed-of-sound in air is 344 m/s. By calibrating for the speed-of-sound in air, the time-of-flight for the ultrasound pulse to travel from the transponder to the base unit can be converted into a measurement of the distance between the base and transponder units. In the actual system the base unit triggers the computer to start a counter when it emits the infrared pulse. The arrival at the base unit of the ultrasound pulse triggers the computer to stop counting. Having been previously calibrated for a known number of counts per second, the computer converts this count into the time-of-flight for the ultrasound pulse. A distance measurement is then computed using the speed-ofsound [distance = Speed*Time] and stored for later processing. Finally, since DURS makes a distance measurement at a sampling rate of 22 Hz a measure of the how distance changes over time (i.e., velocity) can be obtained. A block diagram of DURS is shown in Fig. 2 .
Ultrasound ranging systems are not new. Some Polaroid cameras measure the time taken for an ultrasound pulse, emitted from the camera, to travel to the object being photographed and be reflected back to a sensor on the camera. This time-of-flight is then used to compute the distance to the object and to change the camera settings appropriately. This use of reflected ultrasound signals is employed by numerous electronic "measuring tapes." Problems associated with the use of reflected, or indirect ultrasound ranging systems, are that the pulse must travel twice the distance needed (out and back again), doubling the time-of-flight for a single measurement. This halves the maximum rate at which new pulses can be transmitted, if a pulse is to be received before a new pulse is transmitted. Another problem is the magnitude of the pulse Fig. 2 . Block diagram of the DURS system. The base unit emits an infrared pulse, signaling the computer to start counting. The infrared pulse floods the room with infrared radiation which is detected by the transponder. This causes the transponder to emit an ultrasound pulse to the base unit. The base unit tells the computer to stop counting upon reception of the ultrasound pulse. The count value of the pulse is displayed on the screen and saved to file for later processing.
decreases in a manner inversely proportional to the square of the distance. This means that the magnitude of the received pulse decreases far more rapidly than the distance increases. In addition the reflected signal may also be scattered or absorbed by the reflecting surface. For these reasons a direct ultrasound ranging system is preferable when trying to achieve higher sampling rates and longer distances. In a direct system a transponder placed at the target is triggered by a light pulse, usually an infrared pulse, to emit an ultrasound pulse. Such systems have been used in commercially available, static, long-distance "measuring tapes."
The Sonin® 150 is an example of a commercial longdistance electronic measuring tape that uses direct ultrasound ranging. The device consists of a source and a target unit. It is able to measure the fixed distance between these two components up to 45 m with 99.85% accuracy (Sonin® operating manual). The Sonin® is designed to initiate a new distance sample immediately upon reception of the ultrasound signal, or after a suitable period of time has passed without the reception of an ultrasound signal. In effect it has a variable sampling frequency which is dependent on the distance being measured.
It is important to realize that the Sonin®, while suited to measuring fixed distances, is not capable of measuring the velocities associated with a moving object. In the case of a static target, the sample rate varies as a function of the distance being measured but it is constant for a given distance. Since the distance it is designed to measure does not change, it does not matter if an ultrasound pulse is occasionally not received. In the event of a dropped pulse, after a suitable time-out period, another ultrasonic pulse is triggered. This process can be repeated until a pulse is received. Using a variable sampling rate to measure the velocity of a moving object makes digital processing (filtering, differentiation, computation of means and standard deviations) of dynamic data difficult and computationally intensive. For the most part, digital processing algorithms are based on the assumption of a constant sampling rate. Furthermore, since the distance is assumed to be changing, it is crucial that every triggered ultrasound pulse be received.
The DURS triggers the emission of ultrasound pulses at a constant rate of 22 Hz and uses a number of features to guard against dropped points. The use of a constant triggering/sampling rate imposes a maximum distance that can be measured. This distance limitation is due to the distance sound can travel within the designated sample interval ( 15 m @ 22 Hz). A sampling frequency of 22 Hz was chosen because it allowed a range up to 15 m to be achieved and it was almost four times the highest frequency component generally associated with normal walking (6 Hz), thus satisfying the Nyquist criterion [11, 12] .
There are a number of commercial human performance measurement systems that use the direct ultrasound ranging method (e.g., The VScope, Lipman Electronic Engineering, Ltd., Israel; SAC GP-8, Signal/RTS, Engineering Design, Massachusetts; Zebris Medizintechnik, Germany). These systems have found use primarily in the area of high-accuracy, limited-volume ergonomic studies [13] . The VScope is typical of these systems and can have up to eight transponders with three stationary sensors that define a reference frame. As with the DURS the sensors transmit infrared pulses which trigger the transponder to emit an ultrasound signal. The time between emission of the infrared pulse and arrival of the ultrasonic pulse is measured. This period multiplied by the speed-of-sound gives receiver-transponder distance. If three sensors are used, the system can find, through triangulation, the XYZ coordinates of a given transponder. The VScope has the ability to monitor the position of multiple transponders. These are sampled sequentially rather than simultaneously with a maximum sampling rate of 333 Hz divided by the number of markers used (VScope VS-110PRO). The VScope VS-110PRO has a maximum range of 5 m with a resolution of 0.05 mm and an accuracy of 2 mm. The general consensus concerning use of this device is that it works well for high accuracy measurement of small volume motion, such as postural sway, but poorly for large volume motion such as gait [13] . The SAC GP-8 from Signal/RTS can increase the volume of interest up to 6 m, through the use of arrays of microphones. While the method of operation of these devices is similar in concept to the DURS there are significant differences. The DURS system is a single marker system with fixed sampling rate of 22 Hz that allows a range up to 15 m to be achieved. This range is important, because the gait parameter estimates improve with increased data. In addition the DURS is very portable with the entire system fitting into a medium sized camera case.
The underlying principles of DURS are similar to the device built by Karcnik et al. [9] . Their ranging system emitted pulses at a constant rate but used separate transmitting and receiving units. The infrared signal and the ultrasound signal are synchronously emitted from an emitting unit, worn by the subject, at a frequency of 24 Hz. The infrared signal is instantaneously received at the receiver unit and triggers the measuring process. This measuring process involves a counter which is run at a pre-set rate to allow each bit to represent either a centimeter or millimeter of distance. Since the objective of this device was to measure the instantaneous velocity of the body center-of-mass during ambulation, these distance samples were then processed through a differentiator and a time averager to obtain velocity samples. DURS evolved from a prototype developed by Licameli [14] which, as already noted, was based upon the configuration and measuring method of Karcnik et al.'s system. Both of these systems used the reception of the infrared pulse to start hardware counters that stopped upon reception of the ultrasound pulse. The count rate of these counters was adjusted according to the temperature such that 1 count was equivalent to 1 mm of travel by the ultrasound pulse. Therefore, the resultant count upon reception of the ultrasound pulse was then a measure in mm of the distance traveled. This distance count was then ported into the computer for further processing.
The current version of DURS differs from both Karcnik et al.'s [9] and Licameli's [14] systems, both in configuration and measuring method. Unlike these systems, the current version of DURS uses an interrupt-driven software routine on the attached computer to perform the time counting. A single digital input line on the serial port is all that is used to enable the DURS to communicate with the computer. The external hardware drives the "ring indicator" line of the serial port "low" for the duration of the time-of-flight and drives it "high" once an ultrasound pulse is received. The "ring indicator" line generates an interrupt when it goes from high to low. This interrupt triggers an assembly language software routine to count until the ring indicator goes high again. All other interrupts with the exception of the keyboard are suppressed. The time per count was calibrated by using a square wave generator set at a known frequency and feeding it into the "ring indicator" line. The current system, when used with a 75 MHz Pentium Laptop achieves 1.16 s/count or a maximum theoretical resolution of 0.4 mm for a speed-of-sound of 344 m/s.
The elimination of the occurrence of dropped points and enhancement of the system's overall performance, reliability, and accuracy is achieved through the use of infrared "flooding" to attempt to ensure triggering of the ultrasound pulse and the use of a variable threshold to try to ensure detection of the ultrasound pulse. Early testing revealed that a limiting factor of the range of the system was the deterioration of the amplitude of the infrared pulse. The infrared transmitters used were also highly directional, so small changes in orientation at a distance from 5 to 6 m from the base unit tended to prevent reception of the infrared pulse. In the present design of the DURS each infrared pulse "floods" the walkway with infrared light. This "flooding" is achieved by a highintensity infrared pulse that removes the directional problem associated with the earlier version. Another potential benefit of using this "flooding" technique is the possibility of triggering multiple transponders simultaneously, allowing the option, of measuring more than one parameter. Multiple receivers triggered by the same infrared pulse would enable triangulation of the transponder to obtain its coordinates in two or three dimensional space.
The use of an adaptively varying threshold to track the decreasing amplitude of the ultrasound signal enables an ultrasound pulse to be consistently and reliably detected at greater distances. The infrared pulse's magnitude is subject to the same inverse square law decrease with distance as the ultrasound pulse. As a result, when the transponder is close to the base unit it receives a very large infrared pulse and the base unit receives a very large ultrasound pulse. At distance the transponder receives a very small infrared pulse that is just barely discernible against the background noise and the base unit receives a greatly reduced ultrasound pulse. As such, the system can be thought of as having two states: close in; and far out; with a gradual change from one to the other in between.
The use of a constant threshold limits the range of the system to the distance at which the magnitude of transmitted ultrasound pulse is slightly greater than the transmitter noise. The magnitude of the transmitter noise is dependent on the elapsed time since emission of the infrared pulse. The cause of this transmitter noise is due to the switching relay used to drive the infrared lamp. The transmitter noise occurs with greatest magnitude immediately following emission of the infrared pulse and dies out after a finite time equivalent to a distance from 2 to 3 m. This time period coincides with the reception of the greatest magnitude ultrasound pulses [ Fig. 3(a) ]. Beyond this time there is very little noise present in the system and much smaller magnitude ultrasound pulses can be readily detected. The adaptively varying threshold function puts the threshold above the level of the noise close to the receiver and then gradually decreases its level to match the decreasing magnitude of the ultrasound pulse as a function of increasing distance [ Fig. 3(b) ].
In the transponder a constant threshold is used to detect the incoming infrared pulse. A time-out period is initiated upon detection of the infrared pulse to prevent further triggering of the transponder for the duration of the current sampling interval. This time-out period is necessary because at distance the received infrared pulse consists of multiple spikes instead of a single large pulse (Fig. 4) . The duration of the time-out window was chosen to be long enough to ensure all infrared activity has died out for that sampling period.
III. TESTING AND CALIBRATION
The performance enhancing features detailed in the previous section enable DURS to accurately measure distance over 14 m. Experiments were performed to establish the counts per second of the computer and to relate this rate to the time-offlight of the ultrasound pulse and, through the use of (2), to convert this time to a distance. Time-of-flight of the ultrasound threshold serves to eliminate transmitter noise that occurs: 1) close to the base unit due to the infrared pulse generation and 2) at distance from the base unit due to wrap-around from the ultrasound pulse of the previous sample. The purpose of the figure is show the relative magnitudes of the threshold function, noise and received ultrasound signal. Note: the traces were captured using a Tektronix 2230 Digital Storage oscilloscope in its storage mode and then sent to a Hewlett-Packard pen plotter via the oscilloscopes serial port. For a Time/division setting of 5 ms the users manual suggests the actual bandwidth of the scope 2 kHz. pulse was measured with a Tektronix 2230 100 MHz Digital Storage Oscilloscope. A program written for the experiment recorded 1000 samples and then calculated the mean and standard deviation of the counts measured at this particular distance and time-of-flight. The Tektronix Digital Scope can compute the time difference between the occurrence of two events tagged by the operator. For this experiment the falling and rising edges of the "ring indicator" signal were tagged, thus enabling the scope to compute the time taken between emission of the infrared pulse and receipt of the ultrasound pulse. The scope has an accuracy of 0.05 s at 5 s/div. The first step in the procedure was to record the ambient temperature. This was done using a mercury thermometer (ERTCO H96-184 Cat. 1005) which has an accuracy of 0.1 C. This window prevents retriggering of the ultrasound emitter pulse train until the next sample. v) (d) ANDed with (e) gives a single pulse to trigger the pulse train required to drive the ultrasound emitter into resonance. vi) A train of 4-6 pulses are generated at a rate of 33 kHz. vii) Pulse train is amplified by the transformer to 100 V to drive the piezoelectric ultrasound crystal.
This temperature is used to account for changes in the speedof-sound in air according to the relationship shown in (2). The transponder was mounted on a tripod such that its ultrasound emitter was level with the ultrasound receiver of the base unit. The transponder was then placed in front of the base unit at a distance of 5 ft (1.524 m) [the increments were in feet because the floor tiles which are 1 ft sq (0.0929 m 2 ) were used as a guide]. A reading of the time-of-flight was made from the oscilloscope and the computer computed the mean and standard deviation of 1000 count samples associated with this position of the transponder. The transponder was then moved away from the base unit in 5 ft (1.524 m) increments. At each increment time-of-flight and the mean and standard deviation of the count associated with that position were recorded. This procedure was repeated out to 45 ft (13.72 m), at which point two additional measurements were made at 48 ft (14.63 m) and 49 ft (14.94 m). Two plots were made from this data, the first was a graph of time-of-flight versus counts (Fig. 5) and because the temperature is known an equivalent distance versus counts axis can be placed on the same graph. The Ideally, the axial intercept should be zero, but in this case the axial intercept of 0.0037 m is equivalent to the distance that would be traveled by the ultrasound pulse due to the overall system delay. This system delay is a constant factor that gets dropped in the differentiation process to obtain velocity, the primary goal of the process.
The second graph obtained from this experiment is a plot of count standard deviation (converted to distance) versus distance (time-of-flight converted to distance for a speed-of-sound 344 m/s) (Fig. 6 ). This curve shows that measurements of distance made within the first 10 m have a standard deviation of less than 1 mm while measurements made in the 10-15 m range show gradually increasing standard deviation from 1 mm to a maximum of 5 mm.
As an additional test of the accuracy of the DURS system. The device was compared with a CODA 3 motion analysis system [14] . The CODA system utilizes intersecting planes of light to triangulate reflective marker positions and has a resolution of 0.1*Z 2 mm at a distance of Z m with a precision of 1 mm at a distance of 7 m and sampling frequency of 300 Hz [15] . Once the variation in the speed-of-sound in air due to temperature was taken into account, the DURS was found to provide distance measurements that were within 0.5% of those given by the CODA system [14] . Both devices accurately measured the periodic fluctuations in the forward velocity of the body trunk that results from the rising and falling of the body center of mass during normal gait. The average walking speed measured with the DURS was consistently within 3% of that determined from the CODA 3 system. An experiment to establish the receptive field of the DURS (Fig. 7) was carried out. This consisted of mounting the transponder on a tripod and then attaching a cord of known length from the base unit at the center of the ultrasound receiver to the top and center of the transponder. By keeping the cord taut while moving the transponder/tripod caused it to be moved in an arc of known radius (length of the cord). The transponder was kept facing the base unit and moved until the base unit no longer received the transponder's emitted pulses. This point was determined to be the limit of the receptive field at this radius. The angle between the face of the base unit and the taut cord was then recorded along with the associated radius. The process was repeated at 1 ft (0.305 m) increments out to a radius of 10 ft (3.05 m); 2 ft (0.61 m) increments out to 20 ft (6.1 m); 4 ft (1.22 m) increments out to 30 ft (9.14 m); and finally once at the limit of the devices range (14 m). The result is a series of polar coordinates (radii and angles) which (Fig. 7) yields the zone in which the DURS can emit an infrared pulse and still receive an ultrasound pulse back. It was assumed that the receptive field was symmetrical and thus the data were found for one side only and mirrored to the other side.
IV. OPERATION OF DURS IN ANALYSIS OF GAIT
During an analysis the transponder is worn by the subject, usually posteriorly in the midline of the body at approximately sacral level two (S-2 level) (Fig. 1) . As the subject walks away from the base unit his or her forward progression is displayed in real time on the computer display and the count data are stored to a file for processing immediately following the trial. In essence, the transponder acts as a single active marker at the approximate level of the body center-of-mass.
Once the distance data associated with a walking trial have been acquired it is post-processed to compute and display the instantaneous velocity and acceleration as well as a number of other parameters (Fig. 8) . The instantaneous velocity or GVG is obtained through differentiation and smoothing of the forward progression distance data. The software algorithms used are similar to those developed at our laboratory for single marker gait analysis by Chan and Childress [16] .
The postprocessing software first reads the stored count data from the preceding walking trial, or from a previously stored trial. The first step is to read the count data from file and convert them into distance data using calibration factors stored with the count data. The distance data are first passed through a 3 pt digital median filter to remove 'spikes' that may be present. Next, the data are passed forward and backward through a fourth-order bidirectional digital low-pass Butterworth smoothing filter with a cutoff frequency of 6 Hz. The use of a bidirectional filter eliminates phase shift associated with the filtering process. The power spectrum for walking at normal speeds is below 6 Hz. Bidirectional filtering at 6 Hz is common in the processing of kinematic gait data [11] , [12] .
The GVG is obtained by differentiation of the forward progression data (trace A in Fig. 8) . A differentiator of the form shown in (5) was used in the calculation of all derivatives (5) Fig. 8 . Immediately following a walking trial, the data are automatically processed to produce a plot of the instantaneous forward walking velocity (A). Also displayed on this plot is the instantaneous mean walking velocity (B) and the instantaneous mean acceleration (C). Pt I (left vertical dashed line) shows where steady walking is defined to begin, and pt II (right vertical dashed line) shows where valid data is defined to end. Calculations of the mean, maximum, and minimum walking velocities, cadence, step length, etc., are computed using the data displayed between these two points. The horizontal dashed lines are what we define as the maximum instantaneous velocity i), the average walking speed ii), and the minimum instantaneous velocity iii). The maximum and minimum walking velocities are found statistically and give a measure of the fluctuation of the forward velocity.
where is the sampling interval and is either distance or velocity depending on whether velocity or acceleration is being sought. The instantaneous velocity profile is then low pass filtered using a fourth-order bi-directional digital low-pass Butterworth filter with a cutoff frequency 0.6 Hz (the exact frequency is dependent on the cadence). This is done to remove the gross fluctuations in the instantaneous velocity of the body center-of-mass so as to reveal the underlying "dc offset trend" or what we term the "instantaneous mean velocity profile" (trace B in Fig. 8 ). The average of the points making up the "instantaneous mean velocity profile" give an estimate of the average walking speed.
The choice of the cutoff frequency used to find the "instantaneous mean velocity profile" is chosen based on the fundamental frequency in the GVG. This is given by the cadence. To view the underlying instantaneous dc offset trend, this frequency component must be removed. In normal walking the cadence is about 120 steps/min or 2 steps/s, i.e., 2 Hz. A cutoff value equal to one third of the cadence (Hz) was arbitrarily chosen. This cutoff appears to sufficiently attenuate the fundamental frequency due to the cadence without removing the trend in the gait initiation transient i.e. the instantaneous mean velocity profile still tracks the gait initiation transient.
The instantaneous mean velocity trace reveals when velocity transients associated with gait initiation have died out and steady state walking has been achieved (pt I in Fig. 8 ). It also shows up any underlying trends in the data, such as a tendency to speed up or slow down as one advances away from the base unit. The "instantaneous mean acceleration" [the derivative (5) of the 'instantaneous mean velocity' trace] has a very distinct shape. It rises to a maximum and then decreases to zero as constant or steady-state velocity is achieved (trace C in Fig. 8 ). Steady-state velocity is arbitrarily defined to have been reached when the acceleration declines to 10% of the maximum instantaneous mean acceleration encountered during gait initiation. The duration of steady-state velocity was arbitrarily defined to last as long as the mean acceleration remains within 10% of the maximum mean acceleration (pt II marks the end of the steady state walking in Fig. 8) . Fig. 9 . The instantaneous acceleration waveform is used to find the step time. The instantaneous forward velocity at midstance is a minimum corresponding to the negative to positive crossing points on the instantaneous acceleration curve. The positive to negative crossing points correspond to double support when the forward velocity reaches a maximum.
Instantaneous acceleration is obtained through differentiation (5) of the instantaneous velocity profile (Fig. 9) . The acceleration profile is smoothed using a fourth-order bidirectional digital low pass Butterworth filter with a cutoff of 3 Hz. The instantaneous acceleration profile is used as a peak detector for the instantaneous velocity. We are only interested in using this profile to identify when the peaks and valleys in the instantaneous velocity profile occur. Most of the power for normal walking occurs in the 0-6 Hz range, however the fundamental frequency of walking occurs at around 2 Hz. A cutoff of 3 Hz was chosen to establish when this fundamental frequency crosses zero without attenuating it too much while at the same time eliminating spurious zero crossing points introduced by higher frequency components. The zero crossing points of the fundamental frequency of walking are then used in estimation of step length.
The computations of step length are based on the idea of a simple inverted pendulum model for a person during the stance phase of walking. In this model, when the trunk passes directly over the point of contact of the stance limb with the ground, the instantaneous velocity is near its minimum; at this point the instantaneous acceleration crosses from negative to positive.
Thus, scanning the instantaneous acceleration profile for the points in time at which negative to positive crossing points occur provides the time estimates at which the instantaneous velocity is a minimum. The difference between these times is an estimate of the step duration for a single step. Alternating differences give the step times for each leg. By averaging all step times the overall cadence can be found. By averaging alternating step times, step times for each leg can be found. The forward progression distance corresponding to the times of these zero-crossings enable step length to be computed. The difference between these distances is an estimate of step length for one leg. Alternating estimates thus provide right leg step length and left leg step length estimates.
A single number estimate of the average walking speed is obtained by taking the average of the values of the "instantaneous mean velocity" profile within the steady-state walking window. The standard deviation associated with the average walking speed estimate is obtained by computing standard deviation of the instantaneous velocity profile. The curve of instantaneous velocity during steady state normal walking can approximately be described by the expression (6) where is a dc offset that in this case is equivalent to the average walking speed.
is the amplitude of the sinusoidal oscillation and is equivalent to half the peak-to-peak fluctuation of the instantaneous velocity profile, and , where is the frequency of oscillation of the sinusoid, which in this case is given by the number of steps/s or the cadence/60. For a sinusoid the standard deviation is equal to the rms value, therefore the peak-to-peak velocity fluctuation can be computed using Peak-to-Peak vel. fluctuation rms (velocity) This statistical approach to the calculation of the peak-topeak magnitude was chosen primarily because it is easy to compute. It has the added benefit that a single large noise value will not skew the calculation unduly. Maximum and minimum values of the instantaneous velocity are computed using the walking speed plus-and-minus half the peak-to-peak value of the instantaneous velocity, respectively (refer to Fig. 8 ).
An experiment was conducted to test the validity of the average step length estimates. These involved having a subject walk at a freely selected average walking speed, with predefined step length ratios. Three trials were conducted in which the subject walked at three predefined step length ratios. In the first trial the subject walked with a step length ratio of 2. . Through the use of the floor tiles as a guide, the subject was able to maintain the designated step length ratio with an accuracy of 15 mm for each step. For the second trial the subject was asked to walk with a step length ratio 2.5 ft : 1.5 ft (0.762 m : 0.457 m). In the third trial a step length ratio of 3 ft : 1 ft (0.914 m : 0.305 m) was used. The results are tabulated in Table I .
The overall average step length estimate is in error by less than 1.5%. As can be seen from the table the system accurately predicts stride length for all cases with a error of less than 2.5%. But performance deteriorates in the estimation of right versus left leg step length at higher step length ratios. The results do show that DURS can accurately estimate average right versus left leg step length up to an step length ratio of about 2:1. Each of these step length estimates has an associated variance. This variance is made up of a combination of the variance due to gait variations and the variance introduced by the technique used to estimate these quantities. These results suggest that for those cases where an individual's gait is approximately symmetric (e.g., amputee gait, elderly gait, post-hip and/or knee implant surgery) DURS provides a reasonable estimate of right and left leg step length as well as stride length. However, in those cases were the gait is severely asymmetric (e.g., cerebral palsy gait, stroke, hemiplegia) the device is unable to accurately measure left and right step length but can still give a good estimate of the stride length.
Additional options currently available to the clinician through the software are the ability to change the cut-off and order of the low pass Butterworth filters, to display the instantaneous forward progression data, instantaneous velocity data, or instantaneous acceleration data, and to generate a report.
V. DISCUSSION
The instantaneous forward velocity profile is a graphical representation of how a particular person walks, much like an ECG is a graphical image of a person's heart activity. The gait velocity trace, or gait velocigram (GVG), has distinct features which can be used for calculating various parameters for a person's gait. We believe that a wealth of information resides within the GVG, even beyond parameters such as walking speed, cadence, stride length, step time, and symmetry indexes, that have been illustrated. While a stop watch could be used to approximate walking speed, and cadence could be determined by counting steps in conjunction with elapsed time, such an approach will not show an overall snap-shot of a person's gait nor will it show asymmetries or stride-to-stride variations that may exist. In addition, the DURS automates the process of data acquisition, calculation, and presentation. Fig. 8 shows a typical GVG for normal walking, Fig. 10 shows the GVG obtained for a person with a limp.
The first thing that is immediately apparent in the pathologic GVG (Fig. 10) is the asymmetry in the alternating steps, along with decreased walking speed and cadence. The velocity associated with the trunk following sound limb stance [see Fig. 10(A) ] is greater than the velocity following stance phase of the poorly functioning leg [see Fig. 10(B) ]. This relationship is clear from just a brief glance at the two traces. If this asymmetry was due to prosthesis misalignment, changes could be implemented and the subject would be asked to walk again. Thus the GVG allows immediate evaluation of changes at the time of implementation. The GVG's of pathological gaits show significantly different patterns from the more symmetric sinusoidal patterns seen in normal steady-state walking.
VI. CONCLUSION
A new portable, real-time, direct ultrasound ranging system (DURS) for the clinical evaluation of gait velocity has been developed. An important property of this device lies in its ability to generate data in more-or-less real time, allowing clinicians to try out multiple ideas with their patients and to receive quantitative feedback immediately. The concept of the gait velocigram or GVG was introduced as a graphical representation of a person's gait, similar in concept to that of the ECG in heart monitoring. The GVG's of pathologic gaits are different from those of normal walking. While the value of the GVG in diagnosis is yet to be determined, initial results point to it being a clinically relevant tool. 
